The behavioral and neuroendocrine phenotypes displayed by F 2 (129, C57) D2 dopamine receptor-deficient mice (D2R −/− ) result from a complex interaction between the absence of the receptor and additional polymorphic genetic loci contributed by the parental mouse strains.
It is ironic that the molecular genetic technology so widely used to target individual genes for their functional characterization still relies on the initial generation of F 2 hybrid mice carrying the mutant allele. Because single gene products rarely work autonomously of other proteins, it is not surprising that the phenotype of gene knockout mice can be modified by the genetic background. This is particularly true for complex behaviors that, by definition, are influenced by multiple genes. Our recent studies of mutant mice carrying a null allele for the D2 dopamine receptor (Jackson Laboratory Induced Mutant Strain designation: C57BL/6-Drd2 ttmLow ) are an example of how a single gene and genetic background interrelate to influence the animal's phenotype. D2R −/− mice were produced in our laboratory by the now standard technique of homologous recombination to study the role of this particular dopamine receptor subtype on pituitary and locomotor function.
1,2 One pituitary phenotype that we predicted the mutant mice would exhibit is hyperplasia of the intermediate lobe (IL) . Earlier work demonstrated that the short-term administration of D2-like dopamine receptor antagonists to wild-type D2R +/+ rodents causes an enlargement of the IL that is associated with increased melanotroph cell number. Indeed, apparently enlarged pituitary intermediate lobes were observed in the F 2 hybrid D2R −/− mice. However, a quantitative analysis comparing the ILs from homozygous, heterozygous, and wildtype F 2 D2R mice revealed no overall differences among them and they all resembled the ILs of one of the wild-type parental strains, 129/SvEv mice. 1 In contrast, the ILs of the mutant strain and inbred 129/SvEv mice were twice the size of the ILs from the other parental strain, C57BL/6. Consequently, we had a unique opportunity to determine strain-dependent effects on IL size in mice lacking functional D2Rs. For this study, we produced incipient congenic mice by backcrossing the mutated D2dr allele for five generations onto the C57BL/6 background and found that ILs of the C57BL/6 congenic strain were similar to C57BL/6 2 Two extremes of spontaneous locomotor activity were observed in the parental inbred strains. 129/SvEv mice exhibited approximately 20% of the horizontal running activity and less than 10% of the rearing activity of C57BL/6 mice. These dramatic behavioral differences were apparently not due to overt biochemical alterations in the dopaminergic system of either inbred strain as measured by D2R binding sites and dopamine content of the midbrain (unpublished data), but rather the encoded products of other unknown genetic loci. Based on pharmacological studies with D2R antagonists, the predicted locomotor phenotype of D2R −/− mice should be decreased spontaneous activity. To determine whether the observed decreases in locomotor function in the F 2 (129,C57) D2R −/− were actually due to the targeted gene mutation or a reflection of the high contribution of 129/SvEv alleles other than the D2dr locus, we compared spontaneous activity in the F 2 hybrid and incipient congenic 129/SvEv and C57BL/6 strains. The parental background shifted the overall setpoint for locomotor activity and initiation of movement when the data were collapsed across D2R genotype (congenic 129, lowest; F 2 hybrid, intermediate; and congenic C57, highest), but within each genetic background there was a consistent effect of the homozygous D2R mutation to reduce spontaneous activity by 50% compared to D2R +/+ mice. Unlike the phenotype of pituitary IL size where all the differences could be attributed to genetic background, independently of D2R genotype, spontaneous locomotor activity was strongly influenced by the presence or absence of D2 receptors, but the effect was superimposed on fundamental differences between the parental strains.
We next tested the mice with a rotarod apparatus to assess coordination, integrated motor function and motor learning. The mice could be clearly separated into two statistically distinct groups. Wild-type 129/SvEv and F 2 (129,C57) D2R −/− mice had poor rotarod performance while wild-type C57BL/6 and F 2 (129,C57) D2R +/+ mice performed with agility. Although the mean performance of F 2 (129,C57) D2R +/− mice was similar to the latter two groups, careful examination of the data revealed that the performance of the heterozygous mice was not distributed normally, but consisted of two distinct populations. About a third of the heterozygous mice performed very poorly while the remaining two thirds performed well. These data suggested to us that a genetic locus other than the targeted D2dr allele was involved. Genomic imprinting of the D2R locus as an explanation had been ruled out because the phenotype was unrelated to the sex of the parent donating the mutant alleles and the phenotype was unchanged in consecutive generations of F 2 and F 3 mice. To test the hypothesis that another 129 allelic product was contributing to the poor performance of D2R −/− and many D2R +/− mice, the incipient C57BL/6 congenic D2R mutant mice were tested on the rotarod. Surprisingly, not only were the C57BL/6 congenic D2R −/− mice able to learn the motor skills required for balancing on the rotating rod, albeit with a more shallow learning curve than D2R +/+ mice, they also attained the same final performance criteria as the wild-type mice. From these data we conclude that some genetic locus other than the D2dr plays a significant role in Figure 1 This cartoon displays the non-random assortment of 129/SvEv (gray) and C57BL/6 (black) alleles on a chromosome pair that results when a single mutated gene, in this case D2dr, is selected by genotyping at that single locus. Targeted alleles are depicted by a−, while wild-type alleles are shown as a+. Note that the only source of targeted alleles is the original 129/SvEv chromosome derived from the embryonic stem cells and passed through the germline of a chimeric mouse.
determining an individual mouse's ability to perform a complex motor task such as treading on the rotarod.
Because of the bimodal distribution of rotarod performance in the F 2 (129,C57) D2R
+/− mice, we postulated the involvement of an additional genetic locus linked to the D2dr locus on mouse chromosome nine. Only a relatively small number of chromosomal exchanges have occurred during meiosis in the generation of an F 2 hybrid population. Therefore, mice that are genotyped as D2R +/− are more likely to be homozygous for many 129 alleles on chromosome nine than are the D2R +/+ mice, which on average will be homozygous at more chromosome nine loci for the corresponding C57 alleles (Figure 1) . If one or more of these unknown genetic loci were responsible for the rotarod phenotype, the prediction would be that virtually all F 2 hybrid (129,C57) D2R −/− mice, an intermediate proportion of D2R +/− mice, and few D2R +/+ mice would be affected. This was, in fact, our observation. Therefore, taken together our rotarod data indicate that the D2dr locus is apparently only one of multiple genetic determinants of rotarod ability in mice.
A further investigation of rotarod performance was undertaken involving a total of 15 wild-type 129/SvEv, 15 wild-type C57BL/6, 26 F 1 hybrid (129/SvEv, C57), 298 F 2 hybrid (F 1 × F 1 ), and 178 F 1 × 129/SvEv backcrossed mice that all expressed the wild-type D2dr allele.
3 These mice were tested on the rotarod apparatus using an identical paradigm to that reported for the D2R mutant mice. 2 The parental strains had virtually no overlap in rotarod performance and each showed a normal distribution of abilities centered around poor (10 ± 10 seconds) or high performance (110 ± 10 seconds; defined as the maximum time to tread on the slowly revolving rod without falling off). All F 1 (129,C57) mice performed identically to the inbred C57BL/6 mice indicating that the C57 allele(s) determining high performance are dominant over 129. The F 2 hybrids (129,C57) segregated into two major populations, approximately 40% poor and 50% high performers. Most importantly, the offspring of F 1 (129,C57) × 129/SvEv backcrosses also segregated into two distinct populations, approximately 50% poor and 50% high performers. These proportions do not differ significantly (P Ͼ0.05, 2 test) from those predicted for the actions of a single autosomal dominant locus in an F 1 × parental backcross. Therefore, we hypothesize that there is a single autosomal dominant locus, possibly linked to D2dr on mouse chromosome nine, that is responsible for the observed rotarod phenotypes in the F 2 hybrid (129,C57) D2R mutant strain.
There is abundant evidence for widely differing behavioral phenotypes among various inbred mouse strains. 4 Recent reviews have indicated the importance of mouse genetic background on the interpretation of studies using targeted mutagenesis and some have made suggestions concerning appropriate control studies and improvements for the future of molecular/behavioral genetics. [5] [6] [7] The data reviewed here from our studies of mouse strains carrying a null mutation for the D2 dopamine receptor serve to further emphasize the potential for parental background strains to confound interpretation of any phenotype resulting from the disruption of a single gene. The interaction of multiple loci is likely to be of even greater importance in the analysis of other complex phenotypes such as motivation and cognition. We recommend that the initial analysis of F 2 mutant mice includes groups of the inbred parental strains for comparison and that all induced mouse mutants be aggressively backcrossed onto a congenic background so as to assure that the findings with F 2 hybrids can be confirmed and to significantly reduce the influence of other unsuspected genomic polymorphisms on the phenotypes under study. 
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